Short-chain aldehydes such as (3Z)-hexenal and n-hexanal are formed from lipids through sequential actions of lipid-hydrolysing, lipoxygenase and fatty acid hydroperoxide lyase activities. The aldehydes are formed upon wounding of plant tissues, and are reported to have bactericidal and fungicidal activities. Furthermore, it has been reported that the aldehydes can induce expression of a subset of genes involved in disease resistance and that they are involved in a defence response against insect herbivores. Although several genes encoding lipoxygenases and the lyases have been isolated, and characterized to some extent, only little is known about the enzyme accountable for the lipid-hydrolysing step. In this study, we tried to characterize the lipid-hydrolysing activity involved in the short-chain aldehyde formation in Arabidopsis. When Arabidopsis leaves were homogenized, (3Z)-hexenal was formed rapidly within a few minutes. During this time period, the amount of a-linolenic acid and C,, rapidly decreased.
epoxy-and hydroxy-fatty acids, divinyl ether fatty acids and short-chain aldehydes (Figure 1 ). Evidence for diverse roles of oxylipins in plants has been accumulating [l] . For example, C, aldehydes, which are formed by fatty acid hydroperoxide lyase action on 13-hydroperoxides of linoleic or linolenic acids, are reported to be involved in the hypersensitive resistance response of plants infected by pathogens [2] . Furthermore, it has been reported that these aldehydes can induce expression of a subset of genes involved in disease resistance [3] and that they are involved in a defence response against insect herbivores [4] .
As shown in Figure 1 , the aldehyde branch of the phyto-oxylipin pathway is thought to start from acyl-lipids by a lipid-hydrolysing activity. With the jasmonate branch, Farmer and Ryan [S] proposed that a lipase in plasma membrane takes an important role in the formation of jasmonates.
It has been reported that lysophosphatidic acid, a counterpart of phospholipase A, products, accumulates in wounded plants [6] , and involvement of a lipase in a wound response of plants has been proposed [7] . Recently, involvement of a lipase specific to galactolipids in thylakoid membrane in hypersensitive cell death was proposed [8] . It is also reported that a lipase activity is involved in the metabolism of monogalactosyldiacylglycerol (MGDG) in a plant response to ozone fumigation [9] . Classically, a lipolytic acyl hydrolase has been postulated to supply nonesterified fatty acids in the oxylipin pathway [ 101. Aside from these reports, no direct evidence for the involvement of a lipase activity in the oxylipin pathway has been shown. Therefore, in this study, we intended to get direct evidence of the involvement.
Aldehydes are rapidly formed upon tissue disruption
It is known that C, aldehydes are rapidly formed upon disruption of plant tissues. In order to know the precise time course of the aldehyde formation after tissue disruption, Arabidopsis thaliana (Lo-0) leaves were homogenized, and a portion was taken for the HPLC quantification. As shown in accumulation occurred in such a short period, the rapid formation of aldehyde seems to account for an activation of the enzyme system and/or for an encounter of the enzyme system with substrates. In other words, the aldehydes are formed by an enzyme that already exists in intact, non-disrupted cells.
Lipase is involved in the C, aldehydeformation pathway
Few non-esterified fatty acids accumulate in intact plant cells, because accumulation of high amounts of non-esterified fatty acids is generally toxic. In this context, it is reasonable to assume that a lipidhydrolysing step carried out by a lipase takes a crucial role in the rapid aldehyde formation upon disruption of the plant cells. Thus, it was expected that the aldehyde formation would be suppressed by addition of a lipase inhibitor, quinacrine, to the homogenate. When Arabidopsis leaves were homogenized under air, the quantity of (3Z)-hexenal formed in the homogenate without quinacrine was 1410f382 nmol/g of fresh weight, while the quantity of (3Z)-hexenal formed in the presence of quinacrine was 352 f 252 nmol/g of fresh weight.
From this result, it was suggested that a lipase or a lipase-like activity is involved in this pathway.
T h e activity may bear a catalytic resemblance to a mammalian phospholipase A,.
Because lipoxygenase needs molecular oxygen to form fatty acid hydroperoxides, which are the substrates for the lyase, it was expected that a low amount of aldehydes would be formed if the leaves were homogenized under a stream of nitrogen. When Arabidopsis leaves were homogenized and incubated for 5 min under anaerobic conditions, the formation of aldehyde was effectively arrested and only a low amount of aldehyde was formed ( Figure 2B ). When the amount of non-esterified linolenic acid in the homogenate was determined, higher amounts were observed g 3000 & than were formed under the aerobic condition. This result unambiguously indicates that a lipase exists, which hydrolyses lipids to form nonesterified fatty acids that are subsequently converted into (3Z)-hexenal. This result also implied that the lipase takes a key, rate-determining role in the formation of the aldehydes. It was assumed that the quantity of accumulated non-esterified linolenic acid under the anaerobic conditions was coincident with that of the (3Z)-hexenal formed under the aerobic conditions ; however, the accumulation of non-esterified linolenic acid did not compensate for the decrease in the amount of (3Z)-hexenal. Because lipoxygenase catalyses side reactions under anaerobic conditions, some of the linolenic acid formed by a lipase may be converted into the other products.
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Figure 2
Formation of (3Z)-hexenal after disruption of Arabi-
dopsis leaves
The leaves were homogenized under aerobic conditions, and a portion of the homogenate was taken for the analysis (A) The leaves were homogenized and incubated at 25 "C for5 rnin under aerobic or anaerobic conditions, and the amounts of (3a-hexenal and non-estenfied a-linolenic acid were determined (B) g fr wt , g of fresh weight 
Conclusion
In this study, it was revealed that a lipase specific to galactolipids, especially M G D G , is involved in the formation of aldehydes upon disruption of Arabidopsis leaves. T h e lipid-hydrolysing step takes a crucial role in determining the flow of the enzyme system. Because aldehyde formation is detectable only 20 s after tissue disruption, it is strongly suggested that the lipase already exists in the intact tissues. It may be present as a latent enzyme, or apart from its substrate, M G D G . In the latter case, the lipase must localize apart from the thylakoid membrane, and disruption of chloroplast integrity may be a cue to form non-esterified fatty acids. If the former is the case, then there should be an activation mechanism by which the lipase would be activated. Because it is thought that a galactolipase takes an important role in plant responses against pathogens or abiotic stress, molecular characterization of this lipase is needed.
